A thermoelectric generator (TEG) can be used to harvest electrical energy from human body 6 heat for the purpose of powering wearable electronics. At the NSF Advanced Self-Powered
Introduction 23
Recently, thermoelectric generator (TEG) devices have emerged as a viable alternative for 24 certain power generating applications [1, 2, 3] . Interest has grown in the TEG energy due to its 25 ability to produce power from low grade or waste heat leading to advancements in the growing 26 field of Green Technologies. This new field of technology involves producing less waste by 27 using renewable resources for power generation while creating and producing sustainable energy 28 resources. TEGs can reduce or eliminate use of batteries in applications where there exists a heat 29 source. Since batteries have a limited lifetime before having to be replaced or recharged, TEG 30 devices give the ability to produce uninterrupted power by charging or replacing batteries. A 31 notable progress in the development of TEG devices is their recent use in the automotive 32 industry [4] .TEGs are also being developed for effective recovery of a vehicle's waste heat to 33 enhance fuel efficiency and reduce greenhouse gas emissions [5, 6, 7] . Despite the recent 34 progresses on various applications of thermoelectric devices, there has been much less attention 35 given to the development of body heat harvesting via TEG devices. Only recently, interests in 36
TEGs have grown due to their wearability and functionality in different applications [8, 9] . In 37 particular, body heat harvesting has taken attention for powering wearable sensors and 38 electronics [10, 11] . By eliminating the use of a battery, wearable devices will be more reliable 39 due to their ability to harness consistent and uninterrupted energy from body heat. Furthermore, 40
since fewer batteries will be used, there will be a reduction in hazardous chemicals being 41 released into the environment from the battery construction. Within the ASSIST Center, TEGs 42 are one of the enabling technologies being explored to advance the center's mission of creating 43 wearable, self-powered, health and environmental monitoring systems [12, 13] . 44
One major progress for body heat harvesting has been the development of factor of the flexible devices were suitable for wearable applications, the overall power densities 58
were too low to be utilized for viable sensor technologies. This major problem that is faced when 59 integrating a TEG into clothing or wearable technology is that the efficiency of the device is 60 related to various factors such as: device structure, body heat content, air speed in respect to the 61 person, basic human anatomy for a man and woman, and placement on the human body [17] . 62
In order to increase the output power of the device, we propose and demonstrate wearable 63 TEG devices with optimized heat spreaders. Advantages to the heat spreader use include better 64 dissipation of heat and cooling throughout the TEG device, increasing its overall performance for 65 on body applications as well as durability to be worn on various parts of the body, including the 66 upper arm and T-shirt. By integrating the device into clothing on the body and using the 67 sandwich design, the device was subjected to optimal airflow, which increased the overall 68 temperature gradient, resulting in higher power output. The TEG devices were finally tested on 69 different parts of the body to determine which part is more efficient overall considering both the 70 skin temperature and the ambient air cooling to power the device. With using a TEG integrated 71 with optimized heat spreaders, the maximum output power reached 6 µW/cm The results from this test showed that there was not a significant difference between the carbon 114 and the copper heat spreaders. This result may not seem compliant with the fact that carbon has 115
higher thermal conductivity and must be superior to copper as a spreader. The reason for this lies 116 in the thickness of each of the spreaders. The in-plane thermal resistance RTH can be estimated 117
by RTH=l/A, in which l is the lateral length,  is the thermal conductivity, and A is the spreader 118 cross-section area, i.e. thickness times width of the spreader. Therefore, the higher thickness of 119 the copper compensates its smaller thermal conductivity resulting in similar TEG power. The 120 decision was to continue with the copper spreader due to its durability for the experiments. The 121 carbon film had a tendency to rip easily when the TEG was moved or attached to it. Any holes or 122 rips in the film would decrease the heat transfer ability of the spreader. The copper sheet was 123 malleable and more durable for the experiments. 124
PDMS heat isolation layer 125
The purpose of this experiment was to determine the effectiveness of the second PDMS layer 126 (on top of the spreader). Two TEG devices were fabricated using a 50 mm × 50 mm copper 127 spreader with and without a PDMS layer. The devices were tested under similar conditions. The 128 results indicated that, contrary to the initial idea that PDMS would block the heat dissipation 129 from the spreader to ambient and should improve the power; the PDMS layer does not have a 130 significant impact on the behavior of the TEG. It even slightly reduced the power. This can be 131 understood as the PDMS would also block the air flow around the TEG leading to smaller 132 temperature differential across the TEG as indicated in Table 2 . This result led to the elimination 133 of PDMS from the design, thereby lowering the cost and assembly time of the device. 134 
Heat spreader size 136
Once the PDMS was eliminated, the optimal size of the copper heat spreader had to be 137 determined. Several devices with different sizes of spreader were fabricated and characterized. The testing of the spreader was conducted with perfect squares of copper that adhered to the 146 TEG with solder paste. The copper heat spreader was used in various sizes, ranging between zero 147 to 50 mm × 50 mm. The experimental results showed that to maximize the power output, the 148 optimal heat spreader size is close to 40 mm × 40 mm with and without airflow conditions. 149
These results indicated that the spreader provides useful heat capture and transfer to the TEG. 150
Sandwich device structure 151
To further increase the device performance, the TEG was sandwiched between two copper 152 heat spreaders as shown in Figure 4 . The electrical wires from the TEG that were touching the 153 copper were insulated to avoid short circuiting of the device. Measurements were conducted on a 154 hot plate at 37°C with a room temperature of 18.3°C, and under two air flow conditions. 155 By having a copper spreader on both the top and bottom of the TEG, there was a higher 161 power output and temperature difference across the device. The difference in average power 162 generated by these two devices is 1.5 μW/cm 2 . While the bottom spreader acts as capturing and 163 conducting more heat into the TEG, the top header acts as heatsink and enhances the heat 164 dissipation on the cold side. The advantage of heat spreader compared to conventional finned 165 heatsinks is its flatness and flexibility suitable for wearable applications. In the subsequent 166 experiments performed on body, the TEG design with two spreaders was used. 167
Body heat energy harvesting 168
After the optimal TEG devices were obtained, they were placed on different body locations 169 including the wrist, upper arm, chest, and T-shirt to measure the amount of energy that can be 170 harvested from the body temperature. However, we reduced the spreader size to 20mm × 25 mm 171 to improve the body comfort for wearing the TEGs. 172
Energy harvesting on wrist 173
Two 20mm × 25 mm copper heat spreaders were tested with a middle layer of PDMS 174 between them as shown in Figure 5 -(a). PDMS was used to make the device easily attached to 175 the wrist. Tests were conducted at a room temperature of 17.2°C. The TEG device was 176 connected to a load resistor, rather than open circuit, allowing for power calculation. The arm 177 was swung to a metronome which was a smart phone application. The metronome was set at 178 various beat per minutes, simulating the condition of the device at different walking speeds. The experimental setup is shown in Figure 5- The measurements were taken in ten second increments for a total of one hundred and ten 195 seconds. The first thirty seconds of each trial were without motion in order to achieve a steady 196 state reading. Arm swing began at thirty seconds. The results showed that power generation 197 increases to a specific point, then saturates at a maximum power level for that particular swing 198 speed. 199
The power calculations, shown in Figure 6 a smoother and larger area compared to the wrist that allows better thermal contact of the TEG to 214 the skin. It also allows for efficient air flow due to natural arm swing when walking. The device 215 that was tested on the upper arm was the same device that was used on the wrist. The TEG 216 device was again connected to a 1.8 Ω load resistor, allowing for power generation. The device 217 was attached to the upper arm using tapes, which also served as insulation for the wires running 218 between the spreaders, preventing them from shorting out the device. The arm was swung to a 219 metronome that was set at various speeds, to simulate the operation condition of the device at 220 different walking speeds. The same beat per minute (BPM) and air speeds were used as in the 221 wrist experiment. The device was connected to the oscilloscope, just as it was seen in the wrist 222 experiment. 223
The results are shown in Figure 7 . At a walking speed of about 1.1 m/s, 20 μW/cm 2 of power 224 was generated, which was higher than the power generated on the wrist (13.6 μW/cm 2 ) at similar 225 walking speed. This result proved that the upper arm was a better area for power generation. 226 227 Figure 7 : Power generated from the TEG on the upper arm at different walking speeds. 228
Energy harvesting on T-shirt 229
The body heat energy harvesting measurement was conducted by integrating the TEG device 230 into a T-shirt. The same device without PDMS that was used for the wrist was integrated into the 231 T-shirt by cutting through the fabric. A small rectangle was cut allowing the device to be inserted 232 with the top copper layer exposed to air and the bottom copper layer resting inside the T-shirt 233 next to the chest area for the male or bra for the female person The fabric would then act as a 234 layer between the top and bottom copper spreaders (Figure 8 ). Our earlier experiments proved that the PDMS layer should not have a significant impact in 238 these types of applications; therefore, it was disregarded for this experiment. In fact, the fabric 239 between the two copper spreaders would play a similar role as the PDMS layer. The 240 measurement conducted for the T-shirt test was walking (or running) in a straight line while the 241 person was holding an air flow reader vertically. A multimeter was used to measure the voltage 242 across the load resistor connected to the TEG during the walk. The reading from both the air 243 flow meter and the multimeter were recorded and the results can be seen in Figure 9 . 244 245 Figure 9 : Generated power versus walking/running speed from TEG mounted on T-shirt. 246
The data points near 1.2 m/s speed were obtained with walking trials. The average walking 247 speed was around 1.2 m/s. The other data points were obtained with running trials. The data 248 collected from these trials showed that the power increases significantly with the walking or 249 running speed, which was expected. The faster the running speed, the greater the power output. 250
The maximum generated power collected was approximately 18 W/cm 2 . The data trend showed 251 that with both the increase in the heat produced from the body and the airflow at the faster 252 running speed, more power could be produced. Interestingly, there was no significant difference 253 between the power generated from the T-shirts worn by male and female persons in this 254 experiment. 255
Energy harvesting on chest and comparison with other experiments 256
The final body heat harvesting experiment involved taping the TEG device directly to the 257 chest over the heart (Figure 10) . The device that was tested on the chest was the same device that 258 was used in the T-shirt. The TEG device was connected to a 1. The results are shown in Figure 11 power was measured. This result was lower than the upper arm experiment, but higher than the 266 T-shirt experiment. It is interesting to note that the power generated from the wrist is almost 267 similar to the power generated from the chest covered under the cloth. While the TEG on the 268 wrist has the advantage of the airflow, it is not generating more power than the TEG on the chest. 269
This may be associated with the rough skin surface on the wrist that deteriorates the thermal 270 contact of the TEG with the skin. In addition, the skin temperature on the chest is usually a few 271 degrees warmer than on the wrist [20], which can compensate for the lack of airflow on top of 272 the TEG. The recent significant progress in the development of thermoelectric devices for power 285 generation has led to the emergence of wearable body heat harvesting thermoelectric generators 286 (TEGs). Such wearable devices will be more reliable, sustainable and allow for continuous 287 battery-less operation. In this research, we designed and fabricated TEG devices with different 288 structures, and characterized the devices both on a temperature controlled hot plate and on 289 different body locations including: the wrist, upper arm, chest, and suspended on a T-shirt under 290 various conditions. After characterizations, a three-layered device structure consisting of two flat 291 heat spreaders, one on top and one on bottom of a thermoelectric device, was chosen as the final 292 design due to its high efficiency and low form factor. Carbon and copper sheets were tested as 293 heat spreaders. Copper was chosen as the final design due to its durability. A thin layer of 294 polydimethylsiloxane (PDMS) was used on the bottom heat spreader to block the heat loss to 295 ambient. It was found that there exists an optimum size for the heat spreader. In addition, airflow 296 can significantly increase the generated power. The optimum size of the spreader was found to 297 be a weak function of the airflow allowing one to adapt an optimal size for all practical 298 conditions. After various tests, it was found that the power generation is highest on the upper 299 arm, with the wrist and the chest producing less power. The smallest power was produced from 300 the TEG suspended on the T-shirt. The upper arm and chest locations are ideally located for 301 integration with Electrocardiogram (EKG) sensors. Both places produced almost similar power 302 when the person was not moving, but the upper arm location produced more power when the 303 person was walking. 304
